The determination of dissolved silica in seawater was investigated by an ion-exclusion chromatography with a postcolumn derivatization/silicomolybdenum yellow method. To determine dissolved silica in seawater accurately, the experimental conditions, such as the volume of a reaction coil, the eluent concentration and the sample dilution factor, were optimized. This is the first report that has examined the details of the experimental condition for the measurement of dissolved silica in seawater by ion-exclusion chromatography with silicomolybdenum-yellow detection. The developed method was compared with the widely used continuous flow analysis and an ion-exclusion chromatography isotope dilution inductively coupled plasma mass spectrometry, which is a primary method of measurement. The analytical results by the three methods were in good agreement, considering the expanded uncertainty with a coverage factor, 2. The validity of the three methods was confirmed with each other. The developed method can give a quantitative value with less than 1% of the expanded uncertainty, and can be used for the determination of dissolved silica in candidate reference materials having a seawater matrix.
Introduction
Dissolved silica in seawater is significantly important in the field of oceanography and environmental science for investigating the food chain, material cycling in an ecological system and environmental issues. [1] [2] [3] In fact, several observation plans for seawater nutrients including dissolved silica are planned across the globe. At the Joint Global Ocean Flux Study (JGOFS), which is one example of such observation plans, a high accuracy of 1 -3% is required for the measurement of dissolved silica to obtain comparability among values that were measured at several sea areas at different periods. 1, 2 In order to achieve the indicated accuracy at the observations, we have developed SI traceable seawater certified reference materials (CRMs) for the validation of nutrient analysis. 4 In their development, more than one method should be used for determining the analyte in the candidate CRMs to acquire a reliable value.
An ion-exclusion chromatography (IEC) isotope dilution inductively coupled plasma sector field mass spectrometry (IEC-ID-ICP-MS) was developed in previous studies. 5, 6 It is recognized to be one of the primary methods of measurement. 7 Although it is able to give sufficient accuracy for the measurement, in some cases it is difficult to use it because it required complicated operations, such as isotope dilution and expensive apparatus, such as an ICP-sector field mass spectrometer. A more convenient method that could determine accurately at the same level as the IEC-ID-ICP-MS was needed.
We focused on a widely used absorption spectrometry as an alternative detection method, which has the advantage of high sensitivity. 1, 8 For analyses of dissolved silica in seawater, a batch method of absorption spectrometry and a continuous flow analysis (CFA), both which are based on the molybdenum blue reaction, are generally used. 1, [9] [10] [11] [12] [13] Although dissolved silica could be measured by CFA without the separation of seawater saline, the linear range of the calibration curve is very narrow. This is because the reaction time to complete the formation of the silicomolybdenum blue complex is long; in addition, salt in seawater inhibits the color development of silicomolybdenum blue. 8 For these reasons, to determine the concentration of dissolved silica in a seawater sample accurately, the dilution of samples and the bracket method are required, but especially the latter procedure is laborious. In this case, standard solutions that have concentrations within ±10% against that of each sample must be prepared to build a proper and linear calibration curve for the sample. 14 To improve the linearity of the calibration curve obtained by spectrophotometry, dissolved silica should be separated from the saline. The IEC can separate dissolved silica from other inorganic components, including chloride, which is a main component of the seawater matrix. 5 Therefore, it is expected that the combination of the separation by the IEC and the spectrophotometric detection is effective to determine dissolved silica. In fact, several examples have been reported concerning the determination of dissolved silica using an IEC with postcolumn derivatization/absorption spectrometric detection. [15] [16] [17] [18] [19] [20] However, there was no example that applied the method to high salinity samples, such as seawater.
In the present study, an IEC with post-column derivatization/ absorption spectrometry for the measurement of dissolved silica in seawater was developed. To improve the linearity of a calibration curve, we used the molybdenum yellow method instead of the molybdenum blue method, because of its less reaction step and shorter reaction time compared to those of the latter. In addition, for a more accurate analysis of dissolved silica, a standard addition method was adopted. The proposed method was compared with IEC-ID-ICP-MS 5 and CFA, 8, 14 and the validities of these methods were analyzed.
Experimental

Apparatus
Ion-exclusion chromatography coupled with a post-column derivatization system is illustrated in Fig. 1 .
The ion chromatography system used in the present study was an ICS-5000 (Dionex/Thermo Fisher Scientific, Sunnyvale, CA, USA) attached to an UV-visible detector VWD (Dionex/Thermo) and an autosampler AS (Dionex/Thermo) with a 100-μL sample loop. Separation was achieved with an IonPac ICE-AS1 analytical column (9 × 250 mm, Dionex/Thermo).
The measurement condition was decided as follows: the column oven temperature would be 30 C. The flow rate of an eluent would be 1.0 mL min -1 , and that of a post-column reagent 0.5 mL min -1 . The absorption of produced silicomolybdenum yellow was measured at a wavelength of 410 nm.
An Element2 (Thermo Fisher Scientific Inc., Bremen, Germany) ICP-sector field mass spectrometer and an AACS-V (BLTEC, Osaka, Japan) continuous-flow analyzer that automatically performed a color reaction, followed by a photometric measurement, were used for validation of the developed method.
Seawater samples
Three kinds of seawater samples were commercially available as CRMs supplied by NMIJ/AIST: 4 an extremely low concentration of dissolved silica (NMIJ CRM 7601-a, LSW) based on the surface layer in the Pacific Ocean, a middle concentration of dissolved silica (NMIJ CRM 7602-a, MSW) based on blending three seawater samples (690 m depth seawater of the Arctic Sea, 1500 m depth of the Atlantic Ocean and 397 m depth of the Suruga-wan Bay) and a high concentration of dissolved silica (NMIJ CRM 7603-a, HSW) based on the nutrient maximum layer in the Pacific Ocean. Detailed descriptions of the samples are provided elsewhere. 5 
Reagents
All reagents were of analytical reagent grade, unless otherwise specified. Water was purified by a Milli-Q Integral Q-POD Element system (Merck Millipore, Darmstadt, Germany).
The eluents were prepared by diluting hydrochloric acid (HCl) (Wako Pure Chemical Ind., Osaka, Japan) in water to 1.0 or 5.0 mmol L -1
. The post-column coloring reagent was prepared by dissolving disodium molybdate dehydrate (Wako), nitric acid (Wako), and sodium lauryl sulfate (Wako) in water: 20 mmol L -1 sodium molybdate containing 0.2 mol L -1 nitric acid and 6 mmol L -1 sodium lauryl sulfate. An artificial seawater (ASW) was prepared as described in the protocol.
1 Sodium chloride used was NMIJ CRM 3008-a. The silicon standard solution used was an NIST Standard Reference Material (SRM) 3150. The seawater mass fraction indicated in the present paper is always calculated after adding a silicon standard solution.
All preparations and measurements were carried out in a laboratory at a temperature between 24 and 26 C throughout the present study.
Measurement by IEC-ID-ICP-MS
The isotope dilution method using the isotope ratio of 28 Si/ 29 Si was employed for measuring the dissolved silica by the IEC-ID-ICP-MS, whose details were described in our previous paper. 5 
Measurement by CFA
The silicomolybdenum blue method 21, 22 was employed for the measurement of dissolved silica by the CFA. The continuous flow analyzer used for this measurement was the same as that described in our previous paper, 8 and then dissolved silica in seawater was determined by a bracket method with the silicon standard solutions added to the artificial seawater.
Results and Discussion
Volume of the reaction coil
In order to detect the dissolved silica sensitively by the IEC, at first, the volume of the reaction coil for the coloring reaction of dissolved silica was optimized. The non-diluted HSW was measured while the volume of the reaction coil was changed from 375 to 2250 μL. As shown in Fig. 2 , a more capacious reaction coil gives a larger peak area derived from the dissolved silica. The trend corresponded with a fresh-water sample, 20 which does not depend on the HCl concentration of the eluent. In addition, although the peak area of phosphate that can create interference using the molybdenum-yellow method usually appears just before that of dissolved silica in separation by the ICE-AS1, 5 the peak area of phosphate did not change even if the volume of the reaction coil increased. Therefore, a reaction coil of 2250 μL was adopted in the following study.
Eluent concentration
As mentioned above, the peak of phosphate is close to that of dissolved silica in the separation by the column. In order to investigate the effect of the eluent concentration on the separation, the chromatograms when the MSW (diluted to 0.2 g g -1
) and 10 g kg -1 of sodium chloride solution were measured with the eluents of 1 mmol L -1 HCl and 5 mmol L -1 HCl were compared. Here, the time when the peak top appeared was used as the retention time (RT). The results are shown in Fig. 3 . The peak separation between the two peaks when using the eluent of 1 mmol L -1 HCl (the RT of phosphate is 6.0 min and that of dissolved silica is 7.0 min) was better than that obtained with the eluent of 5 mmol L -1 HCl (the RT of phosphate is 6.4 min and that of dissolved silica is 7.0 min). However, when 1 mmol L -1 HCl was used as the eluent, two extra peaks appeared (see Fig. 3(a) ). Their retention times were coincident with those of two peaks that appeared in the chromatogram of the sodium chloride solution. Therefore, it is expected that they were derived from sodium chloride, which is a main component of the seawater matrix. Due to the interference of the peak overlapping just behind the peak of dissolved silica, it is difficult to determine the dissolved silica. Meanwhile, when 5 mmol L -1 HCl was used, as shown in Fig. 3(b) , the effect of the sodium chloride is hardly visible. Therefore, although it was a bit disadvantageous from the view point of the peak separation between dissolved silica and phosphate, 5 mmol L -1 HCl was adopted as the eluent.
Dilution of the seawater samples
To attain better peak separation between dissolved silica and phosphate, and the sensitivity, the dilution rate of seawater samples was optimized. Five types of sample solutions with different mass fractions were prepared: HSW and MSW were diluted to 50% (0.5 g g -1 ), 20% (0.2 g g -1 ), 10% (0.1 g g -1 ) and 5% (0.05 g g -1 ) with water, and in addition 100% of the seawater (non-diluted). For MSW, as shown in Fig. 4(a) , the peak of dissolved silica can be separated from that of the phosphate using a dilution rate of 20%. The behavior of these peaks in HSW was similar to that in MSW. To evaluate whether phosphate was separated from chloride, the resolution (Rs) between the peaks of dissolved silica and phosphate was estimated according to the following equation:
where tSi and tPO4 are the retention times of the dissolved silica and the phosphate peaks, respectively, and wSi and wPO4 are their respective widths at half maximum. The chromatogram of 20% of seawater for HSW and MSW gave Rs values of 1.55 and 1.67, which meant favorable separations of the dissolved silicate were obtained. However, because of the low concentration of dissolved silica in LSW, the peak area of dissolved silica is not sufficient to determine (see Fig. 4(b) ). Using a dilution rate of 50% for LSW, the peak separation between dissolved silica and phosphate is still favorable (Rs = 3.27). Therefore, 20% of seawater for HSW and MSW and 50% of seawater for LSW were adopted as the dilution rate to determine the dissolved silica in the seawater samples. 
Validation of the developed method
To validate the developed method for the measurement of dissolved silica in seawater, an artificial sample which was prepared by adding silicon standard solution of 4.17 mg kg -1 (equivalent to HSW) to ASW was determined. A dilution rate of 20% was used for the measurement of the artificial sample as with the measurement of HSW. The concentration of dissolved silica in the original ASW was estimated to be less than 0.001 mg kg -1 by graphite furnace atomic absorption spectrometry. 5 The mean value of six replicate measurements was 4.17 mg kg -1 with an expanded uncertainty (a coverage factor 2) of 0.08 mg kg -1 (1.8%, relative), which was calculated by combining the relative standard deviation of six replicate measurements (0.91%) and the relative standard uncertainty of the silicon standard solution (0.15%). Although the expanded uncertainty was slightly larger than the proposed accuracy of the JGOFS, the mean value of the measurements agreed with the prepared value. It has been clarified that dissolved silica in seawater could be measured by the developed method. In addition, the obtained detection limit of dissolved silica was 0.003 mg kg -1 in the developed method, which was satisfactory to determine the dissolved silica in seawater samples.
Analytical results of seawater samples
Three kinds of seawater were analyzed by the developed method. In the measurement of the seawater samples by the proposed method, a standard addition method was used. Four bottles for each seawater sample were analyzed in parallel. Table 1 gives the analytical results, which were calculated using a mean value of four measurement values. The correlation coefficient, r, for a calibration curve of the standard addition method 24 was from 0.9999 to 1.0000 for HSW and MSW, which was sufficiently linear considering the required accuracy.
The relative combined standard uncertainty of the analytical result for the concentration of dissolved silica, uc, was calculated by combining the relative standard uncertainty derived from the standard addition method, u(x), and the relative standard uncertainty of the silicon standard solution (0.15%). To estimate u(x), the following equation was used: 25, 26 u(x) = s a
where a is the slope of the standard addition calibration curve, s is the residual standard deviation from the calibration curve, n is the total number of measured quantity values on which the standard addition calibration curve is based, xi is the concentration of dissolved silica added to the sample solution at each point i of the standard addition calibration curve, x is the average of all xi values and y is the average of all measured quantity values. The uc were 0.24, 0.30 and 4.7% for the seawater sample of HSW, MSW and LSW. Meanwhile, those by the IEC-IC-ICP-MS were 0.53, 0.46 and 4.0%, respectively, 5 and those by the CFA were 0.17, 0.22 and 0.33%, respectively. It was revealed that the uc values obtained by the develop method were sufficiently small to compare with the results of the IEC-ID-ICP-MS and of the conventional CFA. In addition, uc by the developed method were sufficiently small for the requirement of the JGOFS except LSW. Although the r for LSW was from 0.9955 to 0.9999, the uc for LSW was still good, taking into consideration its concentration level.
Comparison of the developed method with IEC-ID-ICP-MS and conventional CFA
The analytical results obtained by the developed method were compared with those obtained by the IEC-ID-ICPMS, 5 and that by the conventional CFA, as shown in Table 1 . The analytical results obtained by the developed method mostly agreed well with those by both existing methods, considering the expanded uncertainty. This indicated that the analyses of dissolved silica in seawater by the developed method, the IEC-ID-ICP-MS and the CFA were validated with each other. It was revealed that a calibration curve with a good linearity could be obtained with only a simple preparation of the sample solutions compared to the CFA. In addition, the accurate determination, which was equivalent to the primary standard of measurement, could be done without any expensive apparatus and complicated operation, such as isotope dilution. 
Conclusions
Ion-exclusion chromatography with post-column derivatization by silicomolybdenum yellow detection was applied for the determination of dissolved silica in seawater. The seawater samples, except for the seawater of LSW, could be analyzed with less than 1% of the expanded uncertainty (k = 2) without the interference derived from seawater saline. Although the concentration of dissolved silica in LSW was extremely low, the uncertainty of LSW was still good, taking into consideration the level of its concentration. The developed method gave a good linearity for the calibration curve without any strict preparation compared to the CFA, and can determine dissolved silica in seawater accurately at the same level as the primary standard of the measurement of the IEC-ID-ICPMS without any expensive apparatus or any complicated operation. The developed method is available for the determination of dissolved silica in candidate reference materials having a seawater matrix, and the uncertainty of the measurement was also sufficient for the required accuracy of the JGOFS.
